-binding sensor proteins and activity of most known Ca 2ϩ channels and transporters (5, 19 -20, 30, 32-33, 36, 61, 70 -72) (26, 29, 38, 59, 80) . Light and darkness are associated with intracellular production and export of protons (11, 21, 26, (37) (38) . Addition of approximately two protons to the restricted extracellular volume surrounding rods and cones was calculated to acidify the extracellular pH from 7.4 to ϳ6 (77). Continuous acid loading can have marked consequences for photoreceptor light sensitivity and output (31-32, 45, 77). Accordingly, experimental manipulation of extracellular pH (pH o ) affects virtually every level of Ca 2ϩ -dependent process in rods and cones, including membrane surface charge (4), operating range of voltage-gated channels in the inner segment region (3, 5, 21, 26, 77) , activity of acid-sensing ion channels (22), cGMP-dependent light-regulated channels in the outer segment (38, 45), ERG a-wave (38), synaptic transmission (5, 37), and synaptic feedback (23, 31, 77) . While pronounced, these effects of pH o do not provide straightforward insights into the signaling function of intracellularly generated protons. Despite the known susceptibility of intracellular Ca 2ϩ signals to endogenous protons, little is known about proton-Ca 2ϩ interactions in photoreceptor cytosol. Moreover, recent studies have implicated changes in photoreceptor pH i in dysfunctional Ca 2ϩ homeostasis and photoreceptor degeneration (10, 83), further underscoring the need to understand pH i - [Ca 2ϩ ] i interactions in the inner segment where the apoptotic machinery is localized.
Neuronal metabolic and electrical activity is associated with shifts in intracellular pH (pH i) proton activity and state-dependent changes in activation of signaling pathways in the plasma membrane, cytosol, and intracellular compartments. We investigated interactions between two intracellular messenger ions, protons and calcium (Ca 2ϩ ), in salamander photoreceptor inner segments loaded with Ca 2ϩ and pH indicator dyes. Resting cytosolic pH in rods and cones in HEPESbased saline was acidified by ϳ0.4 pH units with respect to pH of the superfusing saline (pH ϭ 7.6), indicating that dissociated inner segments experience continuous acid loading. Cytosolic alkalinization with ammonium chloride (NH 4Cl) depolarized photoreceptors and stimulated Ca 2ϩ release from internal stores, yet paradoxically also evoked dose-dependent, reversible decreases in [Ca 2ϩ ]i. Alkalinization-evoked [Ca 2ϩ ]i decreases were independent of voltage-operated and store-operated Ca 2ϩ entry, plasma membrane Ca 2ϩ extrusion, and Ca 2ϩ sequestration into internal stores. The [Ca 2ϩ ]i-suppressive effects of alkalinization were antagonized by the fast Ca 2ϩ buffer BAPTA, suggesting that pHi directly regulates Ca 2ϩ binding to internal anionic sites. In summary, this data suggest that endogenously produced protons continually modulate the membrane potential, release from Ca 2ϩ stores, and intracellular Ca 2ϩ buffering in rod and cone inner segments. alkalinization; ryanodine store; store operated; voltage operated; proton CHANGES IN CYTOSOLIC ION CONCENTRATIONS provide an integrative feedback about the functional state of the cell to many intracellular processes and pathways. The intracellular proton and calcium concentrations both typically increase in response to metabolic and electrical activity (15) (16) . Intracellular acidity is often measured in terms of pH i [the negative logarithm, base 10, of the molar concentration of dissolved protons or hydronium ions (H 3 ] i changes are especially pronounced in metabolically active cells, such as vertebrate photoreceptors (26, 29, 38, 59, 80) . Light and darkness are associated with intracellular production and export of protons (11, 21, 26, (37) (38) . Addition of approximately two protons to the restricted extracellular volume surrounding rods and cones was calculated to acidify the extracellular pH from 7.4 to ϳ6 (77) . Continuous acid loading can have marked consequences for photoreceptor light sensitivity and output (31-32, 45, 77) . Accordingly, experimental manipulation of extracellular pH (pH o ) affects virtually every level of Ca 2ϩ -dependent process in rods and cones, including membrane surface charge (4) , operating range of voltage-gated channels in the inner segment region (3, 5, 21, 26, 77) , activity of acid-sensing ion channels (22) , cGMP-dependent light-regulated channels in the outer segment (38, 45) , ERG a-wave (38) , synaptic transmission (5, 37) , and synaptic feedback (23, 31, 77) . While pronounced, these effects of pH o do not provide straightforward insights into the signaling function of intracellularly generated protons. Despite the known susceptibility of intracellular Ca 2ϩ signals to endogenous protons, little is known about proton-Ca 2ϩ interactions in photoreceptor cytosol. Moreover, recent studies have implicated changes in photoreceptor pH i in dysfunctional Ca 2ϩ homeostasis and photoreceptor degeneration (10, 83) , further underscoring the need to understand pH i - [Ca 2ϩ ] i interactions in the inner segment where the apoptotic machinery is localized.
The purpose of this paper is to characterize the effects of pH i modulation on Ca 2ϩ homeostasis in rods and cones. pH in physiological experiments on dissociated retinal cells is typically buffered with HEPES, which has been the buffer of choice used in investigations of voltage-operated and storeoperated Ca 2ϩ entry (SOCE) and Ca 2ϩ release from internal stores in retinal photoreceptors, horizontal cells, bipolar cells, glial cells, and central neurons (3-5, 39 -41, 46, 48, 50, 55, 60, 63-71, 73, 79) . In this study, we systematically characterized the effects of changing pH i on voltage-operated Ca 2ϩ channels, Ca 2ϩ stores, SOCE, cytosolic protein buffers, and buffering power of the photoreceptor cytosol. We used the ammonium prepulse method that has no effect on pH o and therefore mimics the effects of metabolically produced protons (12) (13) 67) . Our results suggest that intracellular pH represents a comprehensive signaling mechanism that simultaneously modulates Ca 2ϩ entry, extrusion, sequestration/release from intracellular stores, and the availability of Ca 2ϩ -binding sites in the inner segment cytosol.
MATERIALS AND METHODS

Isolation of cells.
All procedures were approved by institutional animal care and use committees at the University of Utah and University of Nebraska Medical Center following the guidelines established by Association for Research in Vision and Ophthalmology and The Society for Neuroscience. Aquatic-stage tiger salamanders (Ambystoma tigrinum) were purchased from Charles Sullivan (Nashville, TN) and kept in filtered water at 4°C and 12:12-h light-dark cycle. After decapitation and pithing, retinas were dissected from enucleated eyes, and photoreceptors were isolated using either papain (7 U/ml) (to obtain intact cells) or mechanical isolation (to obtain rod outer segments). After being washed, cells were triturated in L-15 medium, plated onto sterilized clean glass coverslips coated with concanavalin A (1 mg/ml; Sigma-Aldrich), and allowed to settle for 40 min. Dissociated rod and cone inner segments were unambiguously identified by the morphology of the respective cell bodies and ellipsoids (e.g., 39, 48, 55, 64) . Most extracellular solutions were HCO 3 Ϫ / CO 2-free to minimize activation of HCO 3 Ϫ /Cl Ϫ exchange mechanisms and contained (in mM): 97 NaCl, 2 KCl, 2 CaCl 2, 2 MgCl2, 10 HEPES, 20 glucose, 1 pyruvic acid, 2 lactic acid, and 0.3 ascorbic acid at 240 mOsm. The 10 mM HEPES has a minimal effect on the intracellular buffering capacity of lower vertebrate cells (resulting in ϳ2-3% overestimation of ␤ ; 86). pHo was adjusted to 7.6 with NaOH. In high-potassium (20 mM or 90 mM) saline the concentration of NaCl was correspondingly reduced.
Imaging. Cells were incubated in either 5 M BCECF-AM and/or fura-2 AM (1-10 M; Invitrogen, Carlsbad, CA) for 15 min and subsequently washed for 20 min in dye-free L-15 medium. In previous studies, we have shown that dissociated rod and cone inner segments loaded with Ca 2ϩ indicator dyes remain healthy for several hours without adverse effects on baseline [Ca 2ϩ ]i or the amplitude of depolarization-evoked [Ca 2ϩ ]i responses (39 -45, 63-66, 68 -69) . Fluorescence imaging was performed on an inverted Nikon Ti or an upright 600EF microscope using cooled 14-bit interline charge-coupled device cameras with 1,392 ϫ 1,040 pixel imaging arrays and 6.45 ϫ 6.45 m pixel size (CoolSNAP HQ2; Photometrics, Tucson, AZ) and ϫ40 (1.3 numerical aperature oil and 0.8 numerical aperature water) objectives. Cameras were cooled at Ϫ40°C with the readout set at 10 MHz. Excitation was delivered through the epi-port via a 5-mm liquid light guide (300 series; Sutter Instruments, Novato, CA) attached to a 150 W Xenon arc lamp equipped with a Smart Shutter (Sutter Instruments). Band-pass filters (dedicated fura-2 and BCECF filter sets; Chroma or Omega, Brattleboro, VT) were positioned serially in the pathway to provide excitation illumination; appropriate emission filters were positioned within dichroic mirror cubes. Single wavelength 490-nm excitation using a band-pass dichroic mirror in the BCECF filter set was used for Fluo-4 excitation. Circular regions of interest encompassed the central portion of cell body and ellipsoid regions; unless otherwise stated, only the cell body data are shown. Image acquisition was run in the continuous mode at 0.2-0.4 Hz and binned at 3 ϫ 3. In a subset of cells, [Ca 2ϩ ]i and pHi were recorded from fura-2 AM and BCECF-AM loaded cells by using a dual fura-2/BCECF filter (Chroma set version 72000). In these experiments, a 340-to-380 ratio was acquired 2 s following acquisition of each 495-to-440 ratio. Background fluorescence was measured in identical regions of interests in neighboring areas on the coverslip devoid of cells. After sequential image acquisition of cells' fluorescence at 495/440 nm or 340/380 nm, the backgrounds were subtracted using commercial software (Metafluor; Universal Imaging, West Chester, PA and NIS Elements, Melville, NY). Calibration of [Ca 2ϩ ]i and pHi was carried out as described previously (63) (64) (65) (66) . Intracellular pH was calibrated from 495-to-440 ratios using the nigericin/high extracellular K ϩ method (10 M nigericin/90 mM KCl). External KCl in the calibration solution was raised to 90 mM to minimize the K ϩ gradient across the plasma membrane. A separate line was used to deliver pH calibration solutions, and the tubing was washed with a prolonged (Ͼ1 h) ethanol wash after each experiment (8, 57, 67) . Mn 2ϩ quenching showed that 95% of the fluorescence signal originated from the cytosol (66 After establishing a high-resistance seal, we waited ϳ2-3 min. to allow gramicidin to perforate the plasma membrane before measuring membrane potential in current clamp recording mode. Membrane potentials were recorded at a sampling rate of 500 ms/point.
RESULTS
The resting membrane potential of photoreceptors in darkness is further hyperpolarized in the light due to closure of light-sensitive cGMP-dependent channels in outer segments of rods and cones. Because the majority of enzymatically dissociated photoreceptors lost their outer segments, we could not use light to set the adaptation state of the cells. Instead, we used high and low concentrations of potassium to depolarize or hyperpolarize rod and cone inner segments loaded with fura-2 or Fluo-4 indicator dyes. The 20 mM KCl depolarized disso-ciated rod photoreceptors by ϳ10 mV, causing an elevation of inner segment [Ca 2ϩ ] i due to activation of L-type voltageoperated Ca 2ϩ channels and Ca 2ϩ release from internal stores (3, (63) (64) 69) . [Ca 2ϩ ] i elevations induced by high K ϩ typically consisted of an initial transient followed by a sustained plateau; unless noted otherwise, the experimental manipulations were performed during the plateau phase. Intracellular signaling pathways affected by changes in pH i were studied using pharmacological isolation of plasma membrane and Ca 2ϩ store signaling pathways and by elevating cytosolic-free Ca 2ϩ through uncaging of NP-EGTA. Ammonium chloride modulates pH i in inner segments of rods and cones. pH i within inner segment cytosol was modulated by using the ammonium prepulse technique (12) (13) 67) . Dissolution of ammonium chloride (NH 4 Cl) in the external saline produces the ammonia gas (NH 3 ), which readily crosses the plasma membrane into the cell interior where it ionizes into NH 4 ϩ . By binding cytosolic protons, ammonia alkalinizes the cell interior. Removal of NH 4 Cl from the bathing solution reverses the above sequence, producing a rebound acidification as NH 3 diffuses from the cytosol and leaves residual protons behind (11) . The ammonium pulse triggered an alkalinization in photoreceptor inner segments ( Fig. 1 ), which was followed by rebound acidification upon washout (seen as upward and downward deflections, respectively, in pH i traces of Figs. 1B and S1) (Supplemental figures for this article are available online at the American Journal of Physiology-Cell Physiology website.). Average pH i levels in dissociated inner segments, measured with the proton indicator dye BCECF, were 7.15 Ϯ 0.02 (mean Ϯ SE; n ϭ 9) in rods and 7.32 Ϯ 0.04 (n ϭ 13) in cones. For both rods and cones, 15 mM NH 4 Cl increased pH i from 7.20 Ϯ 0.05 to 8.01 Ϯ 0.04 units (Fig. 1A) , i.e., decreased the intracellular proton concentration approximately sixfold from the baseline of 63 to ϳ10 nM. An acid shift of 0.22 Ϯ 0.02 was observed after NH 4 4 Cl were 96.1 Ϯ 2.5% (cones, n ϭ 5; P ϭ 0.1999, paired t-test) and 99.0 Ϯ 4.9% (rods, n ϭ 3; P ϭ 0.8585, paired t-test) of responses observed under control conditions (2 mM external KCl) (Fig. 1, B and C) . 4 Cl washout with control high-K ϩ saline coincided with the acidification phase. The change in pH i does not have an artefactual effect on the dye itself, as seen by the opposing shift in fluorescence emission evoked by 340 and 380 nm excitations in alkalinized cells (Fig. S1, bottom) ]i responses were recorded separately from fura-2-and BCECF-loaded cell cohorts stimulated with 0 -15 mM NH4Cl. The leftmost data point represents the naïve cohort that was not exposed to NH4Cl. The data point to its immediate right represents cells stimulated with 0.3 mM NH4Cl. F1: rod IS stimulated with 15 mM NH4Cl and nigericin (10 M). F2: nigericin elicited a decrease [Ca 2ϩ ]i. To minimize effects of the K ϩ gradient on K ϩ /H ϩ exchange, these experiments were performed in 90 mM KCl. Summary of data from nigericin-treated cells. Data for rods and cones were combined. *P Ͻ 0.05; **P Ͻ 0.001. segment regions (Fig. 3, C and D) . Unlike voltage-dependent and store-dependent Ca 2ϩ mechanisms, which were shown to be distributed in a highly polarized fashion across the inner segment (33, (63) (64) (65) (66) 69) , the pH-sensitive mechanism appears to be distributed uniformly across the cell body and ellipsoid region. ] i (340-to-380 ratio of fura-2 fluorescence) measured simultaneously in a rod photoreceptor. In this example, 20 mM K ϩ depolarized the rod from a resting potential of Ϫ40 mV to Ϫ28 mV. Subsequent application of increasing concentrations of NH 4 Cl further depolarized the cell to a maximum of Ϫ6 mV (Fig. 4A) 4 Cl depolarized rods by an average of Ϫ11.08 Ϯ 2.7 mV (Fig. 4C , P Ͻ 0.0001, n ϭ 6) but decreased the 340-to-380 ratio by 71.8% (Fig. 4D , P Ͻ 0.0001, n ϭ 3). We also observed similarly significant depolarizing changes in the membrane potential of cone photoreceptors in response to NH 4 Cl application (P Ͻ 0.0001, n ϭ 7, data not shown). ] i decreases evoked by the ammonium prepulse, indicating that sequestra- ϩ depolarized the rod by ϳ12 mV, and NH4Cl further depolarized the rod by an additional 25 mV. B: fura-2 measurements made simultaneously in the same rod showed that bath application of NH4Cl decreased the 340-to-380 ratio by 66% in the presence of 15 mM NH4Cl. C: rod membrane potentials. The 20-mM K ϩ depolarized rods from a mean resting membrane potential of Ϫ46.9 Ϯ 5.5 mV to Ϫ35.5 Ϯ 4.3 mV. The 3, 10, and 15 mM NH4Cl further depolarized the membrane potential to Ϫ25.8 Ϯ 3.6 mV, Ϫ14.8 Ϯ 2.6, and Ϫ11.1 Ϯ 2.7, respectively (P Ͻ 0.0001, n ϭ 6, 1-way ANOVA -containing saline (arrows in Fig. 5C ). Alkalinization evoked no change in 12 of 16 rods (75%) and 14 of 28 cones (50%). SOCE was decreased by alkalinization in four rods and nine cones, whereas an increase was observed in five cones. The average change of SOCE amplitude during exposure to NH 4 Cl was 3.0 Ϯ 6.8% (Fig. 5D) . Although plasma membrane Ca 2ϩ fluxes (through voltage-operated, Orai/TRP/store-operated channels, and PMCAs) were blocked in these experiments, NH 4 Cl still evoked sustained decreases in [Ca 2ϩ ] i in the inner segment. In five rods, ⌬F/F decreased from 0.955 Ϯ 0.008 in control to 0.3410 Ϯ 0.0638 in the presence of NH 4 Cl (P Ͻ 0.002; two-tailed paired t-test; Fig. 6, A and C) . A similar effect of NH 4 Cl was observed in cone inner segments (n ϭ 11, P ϭ 0.002; two-tailed paired t-test) (Fig. 6, B and C) NH 4 Cl-evoked [Ca 2ϩ ] i decreases were not exclusive to the inner segment. Similar effects of alkalinization were observed in two mechanically isolated outer segments that had been loaded with NP-EGTA/Fluo-4 AM. The visual pigment in the outer segments was bleached by the room light; therefore the light-sensitive channels were closed and baseline [Ca 2ϩ ] in the outer segment ([Ca 2ϩ ] OS ) was low (Fig. S2) (6 -7, 15, 19, 14, 18, 32-33, 36, 51) , the effects of the ammonium prepulse should be outcompeted by a fast buffer such as BAPTA. After acquisition of an initial response to NH 4 Cl, the valve regulating solution inflow into the recording chamber was turned off and the saline in the chamber was replaced by an equal volume of saline containing 50 M BAPTA AM. After 5 min, the flow through the chamber resumed, and a transient decrease in the 340-to-380 ratio caused by sequestration of cytosolic Ca 2ϩ during deesterification of BAPTA-AM was typically observed. Following deesterification, [Ca 2ϩ ] i levels stabilized over the next few minutes. As illustrated in Fig. 7 , bath application of NH 4 Cl evoked little change in [Ca 2ϩ ] i following incubation with BAPTA (n ϭ 3 rods and 3 cones; P ϭ 0.1415, paired t-test). A separate series of experiments in BAPTA-treated cells loaded with BCECF-AM established that pH i responses to NH 4 Cl were indistinguishable from those observed in control cells (n ϭ 5; Fig. 7B ). These data show that fluorescence of the pH i indicator dye is independent of NH 4 Cl-induced changes in [Ca 2ϩ ] i and suggest that alkalinization modulates intracellular Ca 2ϩ buffering in photoreceptor cytosol. Intracellular buffering in photoreceptor inner segments. To obtain an estimate of the amount of intracellular protons bound by diffusing NH 3 and the total intracellular buffering power (the capacity of the cytosol to resist changes in pH) in the photoreceptor inner segment under our experimental conditions, we applied the Henderson-Hasselbach equation: (h v, arrow) 4 Cl will remove 37.7 mM proton equivalents from the cytosol, change pH i by 0.8 units and decrease [Ca 2ϩ ] i by ϳ 100 nM (Fig. 2D) . From the definition of the total intracellular proton buffering capacity (␤) (12, 53 pH i modulates intracellular signals in rods and cones. It is well known that fixed charges on the surface of the membrane can profoundly affect the measured current-voltage relationship by changing its shape/position on the voltage axis (4) . If the change in pH i evoked by the ammonium prepulse primarily modulates membrane surface charge, alkalinization should cause a hyperpolarizing shift in the activation of voltagedependent ion channels due to sequestration of protons bound to negative fixed charges on the inner leaflet by newly arrived NH 3 . Lowering the activation threshold in this way would be predicted to enhance Ca 2ϩ influx at membrane potentials up to the potential at which L-type Ca 2ϩ currents are fully activated in photoreceptors (ca. Ϫ20 mV). Additionally, the peak amplitude of L-type Ca 2ϩ currents is augmented by intracellular alkalinization (e.g., 52, 67, 70 -71 (6, 15, 19, 36) . The 99% of Ca 2ϩ that enters the cytosol immediately binds to phospho, carboxyl, and imidazole groups and the high-affinity helix-loop-helix EF hand motifs of cytosolic proteins (47, 50, 58) . Carboxylic Ca 2ϩ -binding sites are normally protonated so that the protein diffuses within the cytosol as a neutral complex. Ca 2ϩ binding lowers pH i through exchange with H ϩ at intracellular sites (32, 74 -75) , whereas protons antagonize the binding of Ca 2ϩ at all four calmodulin EF hands (19, 33) . Accordingly, injection of Ca 2ϩ into invertebrate photoreceptors is equivalent to injection of protons (14, 51, 74) . Consistent with pH i modulation of cytosolic Ca 2ϩ buffering, the effect of alkalinization was antagonized by the fast Ca 2ϩ buffer BAPTA. The targeting of cytosolic buffering systems is further suggested by the uniformity of spatial [Ca 2ϩ ] i changes in alkalinized perikaryal, myoid, and ellipsoid inner segment regions, which can be contrasted to highly polarized activation patterns of voltage-operated, store-operated, mitochondrial, and ryanodine/SERCA mechanisms in salamander photoreceptors (39, 41, 65, 69) .
We considered the possibility that decreases in [Ca 2ϩ ] i were caused by artefactual alkalinization-evoked shifts in the emission of fura-2 and Fluo-4 indicator dyes. However, direct measurements of fura-2 emission showed no artefactual contribution of NH 4 Cl (Fig. S1 ). pH changes in the alkaline direction have been demonstrated to have little or no effect on fura-2 K d (44, 49, 54) . Intracellular alkalinization is expected to increase the fura-2 ratio (44), whereas the opposite was observed experimentally. Changes in [Ca 2ϩ ] i had no effect on fluorescence properties of the pH i indicator BCECF.
Intracellular alkalinization evoked [Ca 2ϩ ] i increases in a subset of rod photoreceptors. These [Ca 2ϩ ] i responses were always transient, mirrored the shape of caffeine-induced [Ca 2ϩ ] i increases in depolarized rods (40 -41) , and were accordingly antagonized by SERCA inhibitors CPA and thapsigargin. We conclude that an increase in pH i modulates Ca 2ϩ release from internal stores in rod perikarya, possibly by regulating the open probability of ryanodine channels (2, 18, 20, 79) . In contrast to the well-understood pH sensitivity of voltage-operated channels (3, 52, 67, 59, 70) 25°C (13a, 14a) . Hence, HEPES has typically been the buffer of choice in studies that characterized pH, chloride, and calcium signaling mechanisms in isolated photoreceptors (3-4, 17, 34, 37, 39 -41, 50, 55, 60, 63-66, 68 -69) and horizontal cells (67) and has also been used in investigations of synaptic transmission at photoreceptor synapses (28, 37) . In the present study, the main mechanism regulating cytosolic acid loads under nominally bicarbonatefree conditions was the ubiquitous electroneutral Na ϩ /H ϩ antiporter, which couples proton transport to the sodium gradient (34, 59) . Vertebrate photoreceptors may also express electroneutral Cl Ϫ /HCO 3 Ϫ exchange (28, 34, 38, 59 ) and electrogenic Na ϩ -HCO 3 Ϫ cotransport and Na ϩ -driven C Ϫ /HCO 3 Ϫ exchange mechanisms (10, 83) , which could be functionally coupled to carbonic anhydrases within the bicarbonate transport metabolon (62) . It is likely that addition of bicarbonate and activation of cytosolic and extracellular carbonic anhydrases has additional effects on photoreceptor pH i and [Ca 2ϩ ] i regulation, outer retinal feedback, and photoreceptor cell death (10, 23, 83) . For example, switching from bicarbonate-based to HEPES-buffered saline dramatically increased the rate of photoreceptor neurotransmitter release and the amplitude of lightinduced responses of horizontal cells in the intact salamander retina (28) , suggesting that loss of bicarbonate alkalinizes salamander photoreceptors. In contrast, application of 20 mM HEPES acidified and hyperpolarized horizontal cells and reduced the amplitude of light-induced responses in teleost and rabbit retinas (23, 27) . While pH i was shown to modulate gap-junctional permeability in horizontal cells (23) , the properties of voltage-operated, store-operated, and cytosolic Ca 2ϩ buffering mechanisms in teleost/rabbit photoreceptors remain to be characterized.
Functional significance. pH i measurements revealed that photoreceptors in HEPES-buffered saline are considerably more acidic than if protons were in electrochemical equilibrium. The average pH i in rod and cone inner segments ranged from 7.15 to 7.25, a marked reduction from the external saline pH of 7.6. This result is consistent with observations from most animal tissues in which ATP hydrolysis and glycogenolysis (i.e., lactate production) provide continuous acid load (e.g., 11, 28, 38, 80, 82 ] i elevations in many types of neurons including photoreceptors (30 -31, 42) . Combining acidosis with anoxia both increases and prolongs [Ca 2ϩ ] i elevations (30) . Importantly, photoreceptors from mice with dysfunctional sodium-bicarbonate transporters may degenerate, in part, due to secondary pathological changes in [Ca 2ϩ ] i (10, 83 ] i interactions represents a signal through which the metabolic activity of the cell adjusts its activity-dependent messenger signals.
